The central component of the programmable molecular switch recently demonstrated by Stoddart and Heath is [2]rotaxane, which consists of a cyclobis(paraquat-p-phenylene) shuttle (CBPQT 4+ )(PF6 -)4 (the ring) encircling a finger and moving between two stations, tetrathiafulvalene (TTF) and 1,5-dioxynaphthalene (DNP). As a step toward understanding the mechanism of this switch, we report here its electronic structure using two flavors of density functional theory (DFT): B3LYP/6-31G** and PBE/6-31G**. We find that the electronic structure of composite [2]rotaxane can be constructed reasonably well from its parts by combining the states of separate stations (TTF and DNP) with or without the (CBPQT)(PF6)4 shuttle around them. That is, the "CBPQT@TTF" state, (TTF)(CBPQT)(PF6)4-(DNP), is described well as a combination of the (TTF)(CBPQT)(PF6)4 complex and free DNP, and the "CBPQT@DNP" state, (TTF)-(DNP)(CBPQT)(PF6)4, is described well as a combination of free TTF and the (DNP)(CBPQT)(PF6)4 complex. This allows an aufbau or a "bottom-up" approach to predict the complicated [n]rotaxanes in terms of their components. This should be useful in designing new components to lead to improved properties of the switches. A critical function of the (CBPQT 4+ )(PF6 -)4 shuttle in switching is that it induces a downshift of the frontier orbital energy levels of the station it is on (TTF or DNP). This occurs because of the net positive electrostatic potential exerted by the CBPQT 4+ ring, which is located closer to the active station than the four PF6 -'s. This downshift alters the relative position of energy levels between TTF and DNP, which in turn alters the electron tunneling rate between them, even when the shuttle is not involved directly in the actual tunneling process. Based on this switching mechanism, the "CBPQT@TTF" state is expected to be a better conductor since it has better aligned levels between the two stations. A second potential role of the (CBPQT 4+ )(PF6 -)4 shuttle in switching is to provide low-lying LUMO levels. If the shuttle is involved in the actual tunneling process, the reduced HOMO-LUMO gap (from 3.6 eV for the isolated finger to 1.1 eV for "CBPQT@TTF" or to 0.6 eV for "CBPQT@DNP" using B3LYP) would significantly facilitate the electron tunneling through the system. This might occur in a folded conformation where a direct contact between free station and the shuttle on the other station is possible. When this becomes the main switching mechanism, we expect the "CBPQT@DNP" state to become a better conductor because its HOMO-LUMO gap is smaller and because its HOMO and LUMO are localized at different stations (HOMO exclusively at TTF and LUMO at CBPQT encircling DNP) so that the HOMO-to-LUMO tunneling would be through the entire molecule of [2]rotaxane. Thus an essential element in designing these switches is to determine the configuration of the molecules (e.g., through self-assembled monolayers or incorporation of conformation stabilizing units).
Introduction
One of the most exciting developments in science and technology over the past few years is molecular electronics, in which new molecular components [switches, rectifiers, transistors, interconnects (wires), memories, etc.] are designed for nanomanufacturing (chemical assembly) of electronic devices (solid-state electronic devices composed of self-assembled monolayers or single-molecule junctions). [1] [2] [3] [4] [5] [6] [7] One of the most promising candidates for a programmable molecular switch is a self-assembled monolayer (SAM) of the "Stoddart-Heath type" bistable [2]rotaxane (1) anchored on a metal [e.g., onto gold with disulfide bonds or onto polysilicon electrodes with poly(ethylene oxide)-type anchors] 2,5 (alternatively one might consider the [2]catenane relative). 8, 9 It is thought that this type of switch is turned on and off reversibly upon moving the cyclobis(paraquat-p-phenylene) (CBPQT 4+ ; blue ring) shuttle between the tetrathiafulvalene (TTF; green station) and the 1,5-dioxynaphthalene (DNP; red station) by oxidation and reduction of the TTF. 10, 11 However, the fundamental understanding of the switching mechanism of 1 needed to derive design principles to improve switching components is lacking, 1 especially for the solid-state devices. 5 There have been previous theoretical studies on the StoddartHeath type rotaxanes, using both quantum-mechanics (QM) [12] [13] [14] and force-field (FF) [15] [16] [17] [18] approaches, but the emphasis has been on the complexation of the CBPQT ring with simple aromatic compounds (benzenes and biphenyls) [12] [13] [14] [15] [16] 18 with one study on the energy barrier for shuttling between two such stations connected via polyether units 17 and another on the conformation of a different but related type of rotaxane. 18 However, there has been little effort to establish the origin of the "on-off" switching behavior accompanied by changing the ring position. 19 Here we build up a knowledge of the switching mechanism from theory using an aufbau or "bottom-up" analysis. We first calculate the electronic structures using quantum mechanics (QM) for the simplest models representing the basic components of 1 to establish the role of each component in conduction (or switching), and then we combine and extend these results to more realistic models of the systems studied experimentally. We find a simple description on how the threading process affects the electronic structure of a series of stations, which provides the basis for understanding the electron tunneling (conductance) through them. A specific question here is what role the CBPQT 4+ shuttle plays. Does the current flow through it? This would require strong matrix elements coupling the CBPQT 4+ ring and the station(s). Or does the current flow only through the thread of each station, without directly involving the ring in tunneling? This might occur if the overlap between the ring and the stations is negligible. In this case, we show below that the CBPQT 4+ ring can still control the electron flow by providing a strong positive electrostatic field inside the station to modulate the relative energy levels of the stations.
The results reported here provide the basis for extensions: Additional components such as the poly(ethylene oxide) linker between two stations can be added to the current simple model to allow the greater conformational flexibility of the experimental systems, and the model compounds optimized in this study can be attached to conducting electrodes (e.g., gold) by including anchors (e.g., thiols) at both ends to calculate the current-voltage (I-V) curve. [20] [21] [22] Since the I-V characteristics depend significantly on the structure (intermolecular packing as well as intramolecular conformation) of molecules on the electrodes, 20 either QM or a FF based on the QM data can be used in molecular dynamics (MD) simulations to determine the optimum coverage and configuration of the SAM of the model compounds on a metal surface.
Calculation Details
The initial structure of each model system [TTF, DNP, CBPQT, (TTF)(CBPQT), (DNP)(CBPQT)] was taken from X-ray crystallographic structures. [23] [24] [25] [26] A full geometry optimization in QM was carried out using the B3LYP 27-31 flavor of DFT with the 6-31G** basis set. At the final geometry the electronic structure was analyzed by the density of states (DOS), the density of states projected to each component (PDOS), 32 and the visualized molecular orbitals (MOs). Since the unoccupied MOs (represented in red in following figures) are not Very reliably described in DFT, we use them here only for qualitatiVe analysis.
To establish which features are sensitive to the calculations, we also carried out single-point energy calculations with another flavor of DFT, PBE 33,34 /6-31G**. This makes sure that our conclusions are independent of functional. These results are summarized in section 3.6 and as Supporting Information.
All calculations were done in the gas phase, using Jaguar v4.2 (B3LYP) and v5.0 (PBE). (Figure 1) , and hence we analyzed in detail only these conformations. [In addition, TTF has a second "boat-shaped" minimum conformation 36,37 that we calculate to be within 0.01 kcal/mol, the nonplanarity is quite small (12°out-of-plane), and the geometric/electronic structures of the two conformations are very similar ( Figure S19 ).]
The energy levels of the frontier molecular orbitals (FMOs; several HOMOs and LUMOs) of free TTF and free DNP are shown in Figure 2 , where the density of states (DOS) represents the number of energy levels (MOs) of a compound between E and E + dE, 32 E k denotes the eigenvalue of the k-th MO. Each peak corresponds to an MO (which was visualized in Figures S2 and S3 of Supporting Information), with black peaks indicating occupied MOs and red peaks indicating unoccupied MOs. [The DOS curves were obtained by broadening the discrete eigenvalues into bands with a Gaussian convolution with 0.0136 eV as the broadening parameter σ and the energy step dE.]
For TTF, the two highest occupied MOs (HOMO and HOMO-1) are both of π character (Figures 2a and S2 ) and located at -4.52 and -6.40 eV. The lowest unoccupied MO (LUMO) has σ character and is at -0.95 eV. These MOs are delocalized over the whole molecule. Other FMOs such as HOMO-2 (-7.55 eV), HOMO-3 (-7.88 eV), and LUMO+1 (-0.11 eV) are π-type combinations of the sulfur lone pairs. The relative energies between those occupied levels (0.00, 1.88, 3.03, and 3.36 eV with respect to HOMO) are correlated well with those observed in a photoelectron spectroscopy (0.00, 1.88, 3.01, and 3.39 eV). 38 For DNP, three highest occupied MOs (HOMO, HOMO-1, and HOMO-2), all π orbitals (Figure 2b and Figure S3 ), are located at -5.06, -6.30, and -6.39 eV. The LUMO at -0.43 eV has π character. Figure 2c and d show the results using the PBE density functional, which gives higher HOMOs (-3.79, -5.56, -6.62, and -6.89 eV for TTF) and lower LUMOs (-1.75 and -0.89 eV for TTF). This leads to a smaller HOMO-LUMO gap than B3LYP but has essentially the same MO characters. A detailed analysis of electronic structure based on the PBE functional is summarized in section 3.6 and in section B of the Supporting Information.
We note that both flavors of DFT give a higher HOMO and a lower LUMO (that is, smaller HOMO-LUMO gap) for TTF than for DNP. This is consistent with experimental measurements of ionization potential (6.7 eV for TTF 38,39 and 7.4 eV for 1,5-dimethoxynaphthalene 40 ) and redox potential (0.3-0.4 V vs SCE for TTF in acetonitrile 10,38,41 and 1.1-1.3 V for 1,5-dimethoxynaphthalene 10, 41, 42 (a) TTF using B3LYP/6-31G**, (b) DNP using B3LYP/6-31G**, (c) TTF using PBE/6-31G**, and (d) DNP using PBE/6-31G**. TTF has a higher HOMO and a lower LUMO (that is, smaller HOMO-LUMO gap) than DNP for both flavors of DFT. PBE gives a smaller HOMO-LUMO gap than B3LYP for both compounds.
to each other does not perturb the electronic structure of those units, we would expect that the HOMO and LUMO of the entire system would correspond to TTF, and the next FMO's (HOMO-1 and LUMO+1) would correspond to DNP. Indeed below (section 3.3) we find this to be the case. 4 and TTF/DNP. The next question concerns the role of the shuttle ring, (CBPQT)-(PF 6 ) 4 , in the rotaxane molecular switch. We investigated the change in the electronic structure of each station (TTF and DNP) caused by its complexation with (CBPQT)(PF 6 ) 4 .
Complex between (CBPQT)(PF 6 )
We started with the X-ray crystallographic structures of (TTF)(CBPQT)(PF 6 ) 4 and (DNP)(CBPQT)(PF 6 ) 4 . 23, 24 Then we fully optimized the geometry using QM (B3LYP/6-31G**) ( Figures S4 and S5 of Supporting Information). The most favorable configuration of the PF 6 -units has a pair of PF 6 -'s above the hole of the CBPQT ring and another pair below it (Configuration 1's and 2's). Among two possible orientations of DNP relative to the CBPQT ring of (DNP)(CBPQT)(PF 6 ) 4 , Configuration 1A (with the naphthalene of DNP out of phase with the paraquat of CBPQT, as found in the crystal structures 24, 43, 44 ) is more stable than Configuration 1B (where they are parallel to each other). Among several minimum-energy configurations thus identified [Configuration 1a, 1b, and 2 for (TTF)(CBPQT)(PF 6 ) 4 ; Configuration 1A and 2A for (DNP)-(CBPQT)(PF 6 ) 4 ], which have comparable energies and qualitatiVely similar electronic structures (compare Figure S18a with S18a′ and Figure S18b with S18b′ in Supporting Information), we here show the detailed analysis only for Configuration 1a of (TTF)(CBPQT)(PF 6 ) 4 and Configuration 1A of (DNP)-(CBPQT)(PF 6 ) 4 (Figure 3 ), because the arrangements of their components (especially, four PF 6 's) are quite similar to each other. This allows us to carry out the comparative analysis of their electronic structures safely without geometric factors. Figure 4a shows the DOS of the (TTF)(CBPQT)(PF 6 ) 4 complex (Configuration 1a) along with its projection onto each (1) The HOMO of the complex (-5.37 eV) corresponds to TTF slightly mixed with CBPQT;
(2) HOMO-1 (-6.94 eV) corresponds purely to TTF; (3) These energy levels are lowered significantly from those of free TTF (-4.52 and -6.40 eV) by 0.85 and 0.54 eV, respectively; (4) The LUMO (-4.25 eV) corresponds exclusively to CBPQT;
(5) LUMO+1 (-3.87 eV) corresponds to CBPQT slightly mixed with TTF; (6) Due to those new low-level LUMO's from CBPQT, the HOMO-LUMO gap of the complex (1.12 eV) is much smaller than that of free TTF (3.57 eV); (7) CBPQT and PF 6 do not have a significant contribution to the occupied frontier MO's of the complex (until down to -8 eV).
The DOS of the (DNP)(CBPQT)(PF 6 ) 4 complex (Configuration 1A) shown in Figure 4b shares the main features (1)-(7) above. However, (CBPQT)(PF 6 ) 4 interacts less strongly with DNP than with TTF: there is essentially no overlap in the PDOS between DNP and (CBPQT)(PF 6 ) 4 , indicating essentially no mixing between these two components as also seen in Figure  6 . The downshift of energy levels due to (CBPQT)(PF 6 ) 4 is less significant for DNP (0.25 eV) than for TTF (0.85 eV). [The magnitude of the downshift is similar (∼0.6 eV) both for (TTF)-(CBPQT)(PF 6 ) 4 and (DNP)(CBPQT)(PF 6 ) 4 in the alternative most favorable configurations, Configuration 1b and Configuration 2A, respectively, as shown in the Supporting Information (Figures S18a′ and S18b′). However, other main features did not change.] Thus, the main features for (DNP)(CBPQT)-(PF 6 ) 4 are as follows:
(1) HOMO, HOMO-1, and HOMO-2 (-5.30, -6.29, and -6.55 eV) exclusively correspond to DNP;
(2) These HOMO levels are only slightly lower than those of free DNP (-5.06, -6.30, and -6.39 eV); (3) Almost degenerate LUMO and LUMO+1 (-3.91 and -3.85 eV) correspond to CBPQT with a negligible mixing with DNP, thus not showing any splitting as shown in the TTF case; (4) Due to those new low-level LUMOs from CBPQT, the HOMO-LUMO gap of the complex (1.39 eV) is much smaller than that of free DNP (4.62 eV); (5) Again, CBPQT and PF 6 do not have a significant contribution to the occupied frontier MOs of the complex (until down to -8 eV).
3.3. TTF-DNP Finger without the Ring: Model [2]-Rotaxane -Stations Only. To form a simple model for coupling the stations in [2]rotaxane, we connected TTF and DNP to each other through a C 2 alkane (CH 2 -CH 2 ) bridge as in Figure 7 . We find that the new CdC(from TTF)sCsC(from DNP) torsion has two minima at 0°(planar) and at 115°( twisted) with almost the same energy (115°is favored only by 0.2 kcal/mol) (Figure 7) , the electronic structure of this TTF-DNP was analyzed for both conformations (Figure 8 ). We found essentially the same characteristics for both conformations.
The DOS and its projection (PDOS) onto each component is shown in Figure 8 . Despite the direct connection between TTF and DNP and the ideal planar conformation, Figure 8a essentially no overlap of wave function between these two units (no overlap in the PDOSs) for the four FMOs (HOMO-1, HOMO, LUMO, and LUMO+1). Thus the identity of each individual unit is preserved, as also shown in the FMOs lined in Figure 9 . Thus the DOS of TTF-DNP is essentially a simple sum of those of free TTF and free DNP, shown in Figure 2 , except that the energy levels of DNP are slightly downshifted.
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On the other hand, the deeper FMOs, HOMO-2 to HOMO-4, at around -6.5 eV do show some minor mixing between two units.
This overall "conservation-of-identity" and "sum-of-pieces" picture should be even more valid for rotaxanes where the stations are more separated from each other by such linkers as two monomer units of ethylene oxide (-OCH 2 CH 2 -), if they are unfolded. This model allows us to consider the electronic structure of rotaxanes as the direct sum of those of each station with or without the shuttle on it. For example, the Stoddart type [2]rotaxane with the CBPQT shuttle at the TTF station, (TTF)-(CBPQT)(PF 6 ) 4 -(DNP), can be described as the sum of the DOS of (TTF)(CBPQT)(PF 6 ) 4 and that of free DNP, and the same type of [2]rotaxane with CBPQT at DNP, (TTF)-(DNP)-(CBPQT)(PF 6 ) 4 , can be described as the sum of the DOS of free TTF and that of (CBPQT)(DNP)(PF 6 ) 4 , all of which are given altogether in Figure 4 . In the following section we will determine how valid this simple view is for these more complicated systems. If valid, this "sum rule" enables us to analyze the electronic structure of intractably complicated 4 shuttle was positioned around either TTF or DNP of TTF-DNP and the geometry was fully optimized using DFT (B3LYP/6-31G**), leading to the final structures shown in Figure 10 . We analyzed the difference in the electronic structure between (TTF)-(CBPQT)(PF 6 ) 4 -(DNP) and (TTF)-(DNP)(CBPQT)(PF 6 ) 4 .
The initial geometric structures were constructed from the optimized structures of (TTF)(CBPQT)(PF 6 ) 4 and (DNP)-(CBPQT)(PF 6 ) 4 using the favorable arrangement of PF 6 -'s around CBPQT 4+ (Configuration 1a and Configuration 1A, respectively) and the optimized structures of TTF-DNP finger in both the planar (0°) and the twisted (now optimized to be 120°) conformations.
After optimization, (TTF)(CBPQT)(PF 6 ) 4 -(DNP) favors the twisted conformation by 3.1 kcal/mol, while (TTF)-(DNP)-(CBPQT)(PF 6 ) 4 favors the planar conformation by 1.1 kcal/ mol. Figure S8 of Supporting Information shows the DOS of (TTF)-(DNP)(CBPQT)(PF 6 ) 4 in both conformations. We see essentially the same characteristics, because the uncomplexed TTF unit stays away both from CBPQT and from the PF 6 's in both conformations, retaining its own identity. Indeed, the DOS is essentially the sum of the DOS of free TTF and that of (DNP)-(CBPQT)(PF 6 ) 4 ( Figure S8c of Supporting Information), confirming the "sum rule" that the connection does not perturb the electronic structure of the TTF station and the DNP station even in the presence of the shuttle around one of them, preserving their individual identities.
For (TTF)(CBPQT)(PF 6 ) 4 -(DNP) the DOS of both conformations ( Figure S9 of Supporting Information) look almost the same, except that for the twisted conformation the MOs corresponding to DNP are downshifted slightly (∼ 0.4 eV) but uniformly. This is probably because the uncomplexed DNP in the twisted conformation is close enough to the CBPQT 4+ ring (Figure 10a ) to provide electrostatic potentials that stabilize the energy levels of the DNP, whereas in the planar conformation it is too far from the ring. Indeed, whereas the DOS of the planar conformation is represented well by the sum of those of individual parts, (TTF)(CBPQT)(PF 6 ) 4 and free DNP (Figures S9a and S9c), this is not the case for the twisted conformation ( Figures S9b and S9c) . Here the main difference lies mostly in the uniform downshift in the energy levels of uncomplexed DNP, which in the complex is positioned next to the CBPQT 4+ ring.
In consider the twisted conformation of (TTF)(CBPQT)(PF 6 ) 4 -(DNP) as a better model for the experimental system than the planar one, and we will focus mainly on it in the analysis of the following sections. The DOSs and PDOSs of two states of the model [2]rotaxane, (TTF)(CBPQT)(PF 6 ) 4 -(DNP) and (TTF)-(DNP)(CBPQT) (PF 6 ) 4 , both in the twisted conformation, are shown side-by-side in Figure 11 . While the HOMO of free TTF lies at higher energy than that of free DNP (Figures 2 and 8) , the complexation of TTF with (CBPQT)(PF 6 ) 4 results in a significant downshift of the HOMO level of TTF (Figure 4) , which is now aligned at a similar level to that of free DNP with or without the CBPQT ring nearby ( Figure S9 of Supporting Information). Thus, the combination of these two stations, (TTF)(CBPQT)(PF 6 ) 4 and free DNP, leads to almost degenerate HOMO and HOMO-1 of (TTF)(CBPQT)-(PF 6 ) 4 -(DNP) at -5.25 eV (from TTF) and -5.46 eV (from DNP) (Figures 11a and 12) .
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(TTF)-(DNP)(CBPQT)(PF 6 ) 4 or "CBPQT@DNP".
The FMOs of (TTF)-(DNP)(CBPQT)(PF 6 ) 4 in the twisted conformation are shown in Figure 13 (and Figure S11 of the Supporting Information). The HOMOs are located at -4.54, -5.32, -6.27, -6.42, and -6.58 eV. The HOMO is mainly from TTF, while HOMO-1 and HOMO-2 are from DNP, HOMO-3 is from TTF, and HOMO-4 is from DNP. The LUMO and LUMO-1, almost degenerate (-3.90 and -3.85 eV), are from CBPQT. The contribution of DNP to these LUMO levels is negligible.
The "alignment" of HOMO energy levels corresponding to TTF and DNP described above for the "CBPQT@TTF" state is not the same for the "CBPQT@DNP" state. The free DNP has a lower HOMO level than free TTF (Figure 2) , and the HOMO level of DNP with the ring around it is even lower (Figure 4) . Thus, the combination of the free TTF and the (DNP)(CBPQT)(PF 6 ) 4 complex leads to a rather wide gap between HOMO and HOMO-1. That is, there is a "mismatch" between the HOMO (-4.54 eV from TTF) and HOMO-1 (-5.32 eV from DNP) of (TTF)-(DNP)(CBPQT)(PF 6 ) 4 (Figures 11b and 13) .
We note that the HOMO and the LUMO are localized at different stations with the HOMO exclusively at TTF and the LUMO exclusively at the CBPQT ring positioned at the DNP station and that the HOMO-LUMO gap (0.6 eV) is lower than that of the "CBPQT@TTF" state (1.1 eV) and much more lower than that of the finger only (3.6 eV).
Implication for Molecular Electronics.
To analyze the mechanism of electron-tunneling through the Stoddart type [2]-rotaxanes when placed between two electrodes, we assume that the tunneling probability is likely larger when there is resonance between the two stations. Thus we expect that "the switch is on" when the energy levels of the free station and the complexed station are "aligned" to overlap (in energy) with each other within the energy window over which the current is measured, that is, in the range of [E F -ηV 0 , E F + (1 -η)V 0 ] where E F is the Fermi level of the electrode (say gold at -5.3 eV), V 0 is the applied voltage (usually 0.3 eV 5,8 ), and η is the ratio of voltage drop across the contact between molecule and the electrode. In addition these energy levels should overlap the energy levels of the anchor to the electrodes in the energy window.
Based on this assumption, our results suggest that the role of the (CBPQT 4+ )(PF 6 -) 4 shuttle in switching is to "modulate" downward the energy levels of the station on which it is placed (TTF or DNP). This is due to the net positive electrostatic potential exerted by the CBPQT 4+ ring on the orbitals of the finger. This downshift alters the relative position of energy levels between TTF and DNP and in turn the electron tunneling probability between them through resonance processes, even though the CBPQT 4+ orbitals are not involved directly in the actual tunneling process. Since the magnitude of the shift is related to the net electrostatic potential on the station, it would be affected by the position of the anions (the four PF 6 -'s in our case), where separating these anions farther from the station (bigger anions or more polar solvent) would probably lead to bigger shifts. Indeed fluctuations in the anion positions (caused by mechanical, electrical, magnetic, or rheological perturbations of these anions) might lead to amplification by the device, converting it into an amplifier of the perturbing force.
The "CBPQT@TTF" state, (TTF)(CBPQT)(PF 6 ) 4 -(DNP), has such "aligned" levels, thus the HOMO (TTF character; On the other hand, the "CBPQT@DNP" state, (TTF)-(DNP)-(CBPQT)(PF 6 ) 4 , has no such overlap near the Fermi energy. [It has only the alignment at the deep level of HOMO-2 (DNP character; -6.27 eV), HOMO-3 (TTF character; -6.42 eV), and HOMO-4 (DNP character; -6.58 eV) (Figure 11b) ].
This switching mechanism suggests that the "CBPQT@TTF" state would have a much larger tunneling current than the "CBPQT@DNP" state, since it has "aligned" or overlapping energy levels which are close to E F of the electrode and located within the energy window of V 0 . Of course the means by which the rotaxane is attached to the electrode could also affect the current. The ideal anchor might have an effective Fermi energy comparable to the electrode (like an "Ohmic contact") so that it does not lead to additional tunneling impedance.
In addition there is an issue having to do with the tunneling matrix elements. If the finger was linear in the z direction perpendicular to the electrodes, we could analyze the matrix elements and tunneling in terms of σ, π x , and π y components (also as δ xy and δ x 2 -y 2 ) where π x indicates antisymmetric through the xz plane passing through the finger. Thus it is the overlap of electrode σ orbitals to TTF's σ orbitals to DNP's σ orbitals to the second electrode's σ orbitals that leads to the σ contribution to the current and similar overlaps of π x and π y components that lead to the π x and π y contributions to the current. Since the resonating orbitals at the Fermi energy discussed above are π-like, we expect the best tunneling matrix elements to be when the planes of the TTF and DNP are parallel. In this case it is the π character of the attachment ligand (e.g., a thiol S) that is important. To whatever extent the conformation is twisted (favored by the packing energetics for our system), this matrix element should decrease, perhaps going through zero for perpendicular TTF and DNP. On the other hand a system in which a π orbital on the DNP resonates with an σ orbital on the TTF might have the largest current for a 90°orientation.
Another possible role of the (CBPQT 4+ )(PF 6 -) 4 shuttle in switching would be to provide low-lying LUMO levels. Here the results from the DFT calculations are less reliable, leading to quite different results for the two functionals considered here. The reduced HOMO-LUMO gap from 3.6 eV for the finger to 1.1 eV for "CBPQT@TTF" and to 0.6 eV for "CBPQT@DNP" (based on B3LYP) could conceivably facilitate the electron tunneling through the system. Again there would be issues as discussed above concerning the symmetry of the orbitals. Such direct involvement of the shuttle in the tunneling seems implausible for the ideal extended conformation (not likely to be optimum unless it is induced by packing in say a self-assembled monolayer), but it is more likely for the more realistic folded conformation in which there is direct contact between free station and the shuttle on the other station. 45, 46 For this situation with a highly folded chain, the main switching mechanism could be ON for the "CBPQT@DNP" state, because its HOMO-LUMO gap is smaller (that is, the HOMO and LUMO are aligned better to each other) and because the well-aligned HOMO and LUMO are localized at different stations (HOMO exclusively at TTF and LUMO at CBPQT@DNP) so that the HOMO-to-LUMO tunneling would be through the entire molecule of [2]rotaxane.
However, we do not in this paper include the electrodes or the anchors to them or the finite voltage across them, and thus any discussion on the position of E F or the energy levels of the anchor is beyond our scope. Under application of a finite voltage across the rotaxane, the energy levels of the rotaxane might change a bit from those calculated herein. Next we will use the results from this paper to calculate the tunneling through these model [2]rotaxane compounds attached to two gold electrodes at both ends through thiolates. These calculations will use the structure and insight obtained from the current study and should determine how the "alignment" of energy levels of two stations affects the tunneling through the [2]rotaxane molecule.
3.6. PBE/6-31G**. The main text of this paper focused on DFT calculations using the B3LYP functional. In addition we carried out similar calculations at the PBE/6-31G** level in order to determine how much to trust the QM results. As shown in Figure 2 , the main difference between the results is that PBE gives a significantly smaller HOMO-LUMO gap than B3LYP, a hybrid functional. The main difference involves the unoccupied orbitals which are estimated to be much too high (unbound) in the Hartree-Fock approximation but probably too stable for DFT. 47 This underestimation of the LUMO by PBE is so severe that in some cases the HOMO lies higher than the LUMO ( Figure S17 )! Since DFT is much less reliable for the unoc- cupied levels than for the occupied ones, 47 we do not emphasize their quantitative nature (exact energy levels, for example). Thus, even in the "reversed-order" cases, we assume that the energy levels remain correct up to the HOMO. Thus from PBE DFT, we draw the same conclusions on the nature of the rotaxanes, "conservation of identity" (Figure S12 ), "downshift of station levels by CBPQT", "stronger interaction of CBPQT with TTF than with DNP" (Figure S13 ), "downshift of free station by CBPQT when they are closely located" (Figure S14 ), but as shown in Figures S16 and S17 , the alignment scheme, which is rather quantitative, is not exactly the same in the two cases.
Summary
We used density functional theory (B3LYP/6-31G** and PBE/6-31G**) to study the electronic structure of the StoddartHeath type [2]rotaxane, one of the most promising molecular switches being developed. Although there are some quantitative differences in the LUMO energy levels, they show such common features as follows:
(1) The electronic structure of [2]rotaxane can be constructed reasonably well by combining the energy levels of the separate stations (TTF and DNP) with or without the (CBPQT)(PF 6 ) 4 shuttle around them. That is, the "CBPQT@TTF" state, (TTF)-(CBPQT)(PF 6 ) 4 -(DNP), is described well with a combination of the (TTF)(CBPQT)(PF 6 ) 4 complex and free DNP, and the "CBPQT@DNP" state, (TTF)-(DNP)(CBPQT)(PF 6 ) 4 , with a combination of free TTF and the (DNP)(CBPQT)(PF 6 ) 4 complex. This aufbau or "bottom-up" approach allows us to understand the more complicated [n]rotaxanes based on knowledge about each piece and should be useful in designing new stations and rings.
(2) We find that the (CBPQT 4+ )(PF 6 -) 4 shuttle induces a downshift (more stable) in the frontier orbital energy levels of the station on which it is located (TTF or DNP), due to the net positive electrostatic potential exerted by the CBPQT 4+ ring. This downshift alters the relative position of energy levels between TTF and DNP and in turn the electron tunneling probability between them, even though the ring itself is not involved directly in the actual tunneling process. Thus the CBPQT 4+ serves as a switch that turns on the TTF state by moving its orbitals to the Fermi energy of the electrode to overlap those of the DNP and turns off the DNP state by moving its orbitals away from each other. This mechanism predicts that the "CBPQT@TTF" state is a better conductor, since it has better aligned levels between two stations. This mechanism is most likely to apply to cases in which the chain is extended as in the drawing 1.
(3) A second possible role of the (CBPQT 4+ )(PF 6 -) 4 shuttle in switching is to provide low-lying LUMO levels. If there are good matrix elements involving the CBPQT's LUMO orbitals, the reduced HOMO-LUMO gap [from 3.6 eV for the thread only to 1.1 eV ("CBPQT@TTF") or to 0.6 eV ("CBPQT@DNP") in B3LYP] would significantly facilitate the electron tunneling through the system. This could be the situation for a folded conformation, where direct contact between the free station and the shuttle on the other station is possible. When this is the main switching mechanism, the "CBPQT@DNP" state is expected to be a better conductor, both because its HOMO-LUMO gap is smaller but also because its HOMO and LUMO are localized at different stations (HOMO exclusively at TTF and LUMO at CBPQT@DNP) so that the HOMO-to-LUMO tunneling would be through the entire molecule of [2]rotaxane.
This validation and elaboration of the Aufbau approach to understanding the properties of the composite rotaxane in terms of the components (stations and ring modulator) should be useful in guiding the design of new stations, modulators, and the attachment strategies to electrodes. In addition the structures and interpretation obtained from this work should be useful in calculating how the tunneling current between two electrodes depends on configuration and attachment to the electrode.
